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Metal-insulator-metal structures based on ultrathin high-k dielectric films are underpinning a rapidly increasing
number of devices and applications. Here, we report detailed electrical characterizations of asymmetric metal-
insulator-metal devices featuring atomic layer deposited 2-nm-thick Al2O3 films. We find a high consistency in
the current density as a function of applied electric field between devices with very different surface areas and
significant asymmetries in the IV characteristics. We show by TEM that the thickness of the dielectric film and
the quality of the metal-insulator interfaces are highly uniform and of high quality, respectively. In addition, we
develop a model which accounts for the field enhancement due to the small sharp features on the electrode surface
and show that this can very accurately describe the observed asymmetry in the current-voltage characteristic,
which cannot be explained by the difference in work function alone.
DOI: 10.1103/PhysRevB.96.115435
I. INTRODUCTION
Thin films of high dielectric constant materials (high-k
dielectrics) deposited by atomic layer deposition (ALD) are
becoming increasingly important in a number of technological
areas that require dielectric materials with high quality and
uniformity over large surface areas. Using ALD it is pos-
sible to deposit uniform-thickness, pinhole-free, conformal,
highly reproducible metal-oxide thin films over large surface
areas, making it particularly promising with regard to mass
fabrication of capacitors and devices based on tunneling. For
example, metal-insulator-metal (MIM) capacitors with ALD
deposited high-k dielectrics are used in applications such as
radio-frequency (RF) capacitors for integrated circuits [1–4]
and storage capacitors for dynamic RAM (DRAM) [5]. Sim-
ilarly, MIM diodes critically underpin high-speed electronics
applications such as infrared (IR) detectors [6–8] used in
energy harvesting applications and backplane selector diodes
for LCD displays. In addition, ultrathin ALD deposited oxides
are also being explored for use in emerging applications
such as metallic single-electron devices [9] (SEDs) including
single-electron transistors (SETs) for nonvolatile memory
(NVM) applications [10,11].
Conventional metallic SET systems require very small
junction areas to reduce the capacitance and an insulating film
thin enough, usually on the order of 1 nm for Al2O3, such
that direct tunneling occurs and is the dominant process. The
symmetry and linearity of the MIM device current-voltage (IV)
curve are important design factors affecting the properties of
an SET system and particularly superlattice systems [12]. In
rectenna systems opposing requirements are imposed on the
MIM device, where high asymmetry and nonlinearity of the IV
curve are highly desirable in the direct tunneling regime [13].
These devices must also have very high cutoff frequencies
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reaching the optical part of the spectrum [14] which requires
an optimum balance of the junction resistance and capacitance.
It is critical, therefore, for both of these applications that there
is a small junction area to produce a small capacitance and
that the films are thin enough to allow direct tunneling as well
as producing the particular features of the IV curve such as its
asymmetry.
Despite the widespread applications of ALD deposited thin
films, the relation between the surface morphology and the
symmetry and linearity of the IV characteristics of MIM de-
vices is poorly understood, in particular in devices employing
ALD-deposited ultrathin dielectric films with thickness below
5 nm. This presents significant challenges for engineering
and manufacturing of MIM devices with specific symmetry
requirements in their tunneling characteristics.
An ideal MIM structure is shown in Fig. 1(a). In a
MIM device fabrication process, metal electrodes are typ-
ically evaporated onto a substrate, with the roughness of
such evaporated thin films dependent on the thickness and
deposition rate [15,16], amongst other factors. Effects of
field enhancement on the tunneling characteristics of thicker
MIM devices with large surface areas are well studied in the
context of Fowler-Nordheim tunneling [17]. Alimardani et al.
investigated the effect of roughness of the bottom electrode [4]
and concluded that the rough surface of metals deposited
by evaporation can cause an inversion of the forward bias
configuration due to field enhancement at roughness peaks and
that structures designed to be symmetric show asymmetry due
to this effect. More recently Lau et al. have reported that the
roughness-smoothing effect in the Al2O3 ALD process [18],
which leads to the top electrode having a smoother interface
with the oxide than the bottom electrode, enhances the
asymmetry in the IV characteristics. In the Fowler-Nordheim
tunneling regime, effects of field enhancement are known to
play an important role as the tunnel current is much more
sensitive to the shape of the potential barrier [17] than in the
direct tunneling regime. However, field enhancement can still
play an important role in the direct tunneling regime of MIM
devices employing ALD-deposited dielectric films, which is
the subject of this paper.
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FIG. 1. (a) Schematic of the cross section of a typical MIM
structure. (b) SEM image of the 40 μm device, highlighting the
measured radii of the bottom (blue) and top (green) electrodes.
Here, we present the detailed electronic characterization
together with transmission electron microscopy analysis of
MIM devices featuring a 2-nm-thick ALD deposited film and
surface areas of 40 μm and 80 μm diameter disks. Figure 1(b)
shows an SEM image of a 40μm device. In order to understand
the features of the IV curves in detail over the whole bias range,
we developed a model that takes into account the asymmetric
roughness caused by the aforementioned smoothing effect.
The model complements Miller et al.’s symmetric roughness
model [19] that considers thickness fluctuations but doesn’t
consider field enhancement. Our model successfully repro-
duces the experimentally observed asymmetry and is highly
consistent with the measured IV characteristics over a wide
bias range.
II. EXPERIMENTAL DETAILS
The MIM devices were fabricated on 500-μm-thick quartz
substrates. The devices are formed by a stacked structure with
large disks as electrodes with various diameters to yield a
wide range of current densities and capacitances. A circular
structure was employed to ensure the electric fringe-field
strength is minimized and one electrode was made slightly
larger to account for optical alignment errors. Figure 1(a)
shows a schematic of the cross section detailing the various
layers of the device and Fig. 1(b) shows an SEM image of one
of the devices investigated in this paper. The substrates were
first cleaned in water, acetone, and then IPA by sonication.
The bottom electrodes were formed using optical lithography
with a LOR-3A/S1813 photoresist bilayer to ensure good
undercut. A 5 nm/25 nm chromium/gold layer was deposited
using a Leybold electron-beam evaporation system and liftoff
performed using 1165 Remover and further solvent cleaning
afterwards. Only very thin electrodes were deposited and at a
low deposition rate (<1 nm/s) to reduce roughness as much
as possible.
The dielectric layer was then deposited by ALD using the
TMA/O2-plasma method at 200 ◦C. The ALD system used
was a CambridgeNanotech Fiji with load lock. The growth
rate was determined using SiO2 on silicon substrates. 200
ALD cycles were deposited, and subsequently an etch mask
was defined using standard optical lithography, after which
the ALD film was wet etched in 100 ◦C orthophosphoric acid.
Finally the step height was measured by AFM. The growth
per cycle (GPC) was found to be 0.114 nm/cycle. The films
for both types of devices were deposited by running 18 cycles
to produce a thickness close to 2 nm. The film thickness was
estimated by TEM to a resolution of 0.1 nm. The ALD O2-
plasma source was used to clean the samples in the chamber,
for two minutes at 200 ◦C and 300 W.
Once the dielectric films were deposited, cleaning by
sonication was avoided as the films are fragile when deposited
on gold. Wet etching in 100 ◦C orthophosphoric acid was used
to clear the edges of the bottom electrodes of covering Al2O3
for the contact pads. S1813 baked at 115 ◦C was used as an etch
mask, and the measured etch rate of the thin film was roughly
2 nm/min. The top electrode masks were formed using optical
lithography with a PMMA/S1813 bilayer. A thick PMMA
layer baked at a high temperature protects the underlying
oxide from the S1813 developer. A UVO cleaner was used
as a source of UV radiation to expose the PMMA, which was
developed using undiluted MIBK after patterning the S1813
layer. A chromium/gold layer of thickness 5 nm/65 nm was
then deposited to form the top electrode. The large thickness
was chosen to ensure continuity over the step caused by the
bottom electrode and the deposited dielectric. Contact pads
were then deposited, formed of 5 nm Cr/120 nm Au, and the
devices glued to a ceramic chip package using a high thermal
conductivity varnish. Finally, the devices were wirebonded and
inspected by optical microscopy to check for visible faults.
The IV characteristics of the MIM devices were measured
using a Keithley 2400LV Source-Meter to source voltage and
measure current in a two-port configuration. The device is
shielded and the shield connected to the earth connection of the
source meter so that fully shielded connections can be made to
the device. The maximum ADC integration time of the source
meter was used and 10 cycles of averaging were performed to
reduce noise further in the measurements. A slowly-changing
offset current between ±100 pA was present at zero bias
depending on the source meter used, which is a negligible
contribution to the data presented here. The TEM sample
for the cross section analysis was prepared using a Ga ion
milling process and stored under vacuum. TEM/STEM/EDX
was performed using an FEI Titan Themis system.
III. DEVICE CHARACTERIZATION
The current density as a function of the electric field for the
40 μm (D1) and the 80 μm diameter device (D2) are shown in
Fig. 2 in orange and blue, respectively. The bottom electrode
of the MIM structure is used as the ground reference potential.
The current density is derived using J = I/A where A is the
electrode area and I the measured current, and the electric field
was derived using E = VB/t where t = 2 nm is the measured
thickness of the film and VB the applied voltage across the
MIM structure. For the device D1 shown in Fig. 1(b), the area
Awas obtained by finding the offset between the circle centres
and computing the area intersected by these circles. For device
D2 (shown in the Supplemental Material [20]) the area A is
defined by the top electrode area. The overlap of the two curves
in the current density plot shows that the consistency between
these two devices is very high despite using a simple parallel
plate geometry. This implies that the typical length scale of the
geometrical imperfections on the electrode surface that impact
the IV characteristics must be much smaller than the electrode
surface area of both devices.
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FIG. 2. Current density (J ) versus electric field (E) curves for
devices D1 (40 μm diameter) and D2 (80 μm diameter) at room
temperature. The inset shows the IV characteristics of the same
devices between −0.6 V and 0.6 V.
Figure 3 shows a representative TEM image in which the
MIM structure is clearly visible and the different layers can
be identified, allowing an accurate estimation of the oxide
thickness and interfacial quality to be made. Additional TEM
images similar to those presented here are included in the
Supplemental Material [20]. In the region highlighted by
the red ellipse, there is minimal transverse variation of the
structure and the nanoscale structure of all the materials is
visible. The top and bottom electrode Au grain structure
is columnar and the bottom Au surface is minimally rough
relative to the thickness of the Al2O3 film in large portions of
the area. The Al2O3 film is clearly uniform and conformal, and
the thickness measures very close to 2.0 nm within 0.1 nm. The
FIG. 3. Large area TEM image showing all compounds of the
MIM structure. The uniformity of the Al2O3 layer and its amorphous
structure are clearly visible.
FIG. 4. STEM image and corresponding EDX data showing
strong and clear signals for Au shown in red, Cr in green, and Al
in blue. The oxygen signal is more noisy and is shown in turquoise.
The material interfaces appear to be very sharp.
observed uniformity of the thickness obtained demonstrates
that the ALD growth was linear within very few cycles on
both SiO2 and Au. This implies that the Au surface had enough
reactive sites for the nucleation delay in the initial stages of
growth to be negligible. This may be due to impurities on
the surface and the in situ oxygen plasma ashing step where
oxygen radicals may be adsorbed at vacancies on the bottom
Au surface [21,22] with sufficient density for the surface to be
saturated with TMA precursor molecules.
STEM/EDX imaging was performed in a number of areas
of the MIM structure to confirm material consistency. The
bottom panel in Fig. 4 shows a mapping of EDX signals over
the region shown in the STEM image in the top panel of Fig. 4.
The Au, Cr, and Al signals are strong and clearly discernible,
indicating that all the materials are homogeneous. However,
the O signal is noisy and appears prominently not only in the
Al2O3 region, but also in the entire Cr layer. This is likely due
to the significant overlap of the O-K peak centered at 532 eV
and the edge of the Cr-L3 peak centered at 575 eV that has
a delayed maximum (EELS Atlas data [23]), leading to false
signals for oxygen in the Cr layer. We note that while it is
conceivable that oxygen may diffuse from the Al2O3 into the
Cr layer, this would result in a visible change of the Cr structure
predominately at the interface, which is inconsistent with the
homogeneous distribution of O in the Cr layer as suggested by
the EDX results. However, some regions of the Cr interface
with Al2O3 do show an amorphous structure as can be seen
in Fig. 3 which suggests that the work function varies on an
atomic scale. Regions of amorphous Cr at the interface with
Al2O3 can form, for example, due to the low initial temperature
of the substrate in the electron-beam evaporator chamber and
the high surface energy of the ALD film due to residual
stress [24,25] amongst other effects that influence ordering of
deposited atoms on a substrate. Variations in the work function
are likely to be more important for the Au bottom electrode
due to the presence of different crystal faces extended over
larger areas, although the differences are expected to be small
and on the order of 10 meV [26].
115435-3
L. FRY-BOURIAUX et al. PHYSICAL REVIEW B 96, 115435 (2017)
FIG. 5. (a) Flat and (b) rough regions highlighted from Fig. 3.
The contrast in (b) was enhanced to distinguish the Al2O3 region
shaded by the Cr more clearly. (c) and (d) Energy band diagrams
corresponding to the situations shown in panels (a) and (b) with a
uniform and distorted potential barrier, respectively. The metal work
functions are denoted by Au,Cr, the insulator electron affinity by χI ,
and U (x) is the potential energy in the insulator.
Figure 5(a) and 5(b) show magnified regions of the TEM
image presented in Fig. 3. From close inspection, we find two
distinct types of surface features. Figure 5(a) shows a highly
planar region in the MIM structure, and Fig. 5(b) an image of
a region with a protruding sharp peak outlined by the dotted
yellow line. The contrast in Fig. 5(b) was increased to highlight
the Al2O3 region and the morphology of the interface.
Roughness smoothing during the deposition of amorphous
layers is a well-known phenomenon. This effect is clearly
illustrated in a TEM image presented by Lau et al. (Fig. 7
in Ref. [27]) of a symmetric device with a much thicker
amorphous insulator, which shows a sharp peak on the bottom
electrode. Importantly, the thickness of the insulator appears
to increase near the pits to the sides of the peak on the bottom
electrode in their image, and thickness uniformity normal to
the peak apex is not clear. In our devices, the thickness of 2
nm measured at the peak apex appears consistent with that
measured in the planar regions. However due to the small
thickness of our film compared to that in Lau et al.’s device, it is
very difficult to measure accurately the thickness fluctuations.
For clarity we have outlined the interfacial boundaries in
Fig. 5(b) with dotted yellow lines.
The smoothing effect can be understood as a result of the
finite size of the TMA precursor molecules and the steric-
hindrance-limited adsorption [28] that leads to the rounding of
peak and pit features of the surface at the nanoscale, leading to
thicker values of the film normal to pit features. We note that an
increased thickness of the dielectric near the pit regions would
decrease the tunneling probability, and the electric field would
be more uniform than around peaks. Therefore, it is likely that
in rough regions of the electrode small thickness fluctuations
due to pits lead to a smaller current than expected in MIM
devices with an insulator of uniform thickness. Furthermore,
since the ALD deposited film forms a ‘mould’ for the surface
of the top electrode, the rounded pits cause the top electrode
to have smoother, slowly varying features rather than sharp
crystal plane boundaries. The consequence of this is that field
enhancement due to sharp features is stronger on average near
the bottom electrode surface compared to the top electrode
surface.
IV. FIELD-ENHANCEMENT TUNNELING MODEL
A finite element model was developed using COMSOL R©
to simulate and study the effect of sharp features on the
bottom electrode such as those shown in Fig. 5(b). We
consider a peak geometry that can be constructed using a
two-dimensional model with a rotational symmetry axis as
illustrated in Fig. 6(a), where r represents the peak apex radius,
θ the inclination angle of the surface leading to the apex, and
the green dashed line indicates the axis of rotational symmetry,
FIG. 6. (a) Geometrical model used to represent a typical peak on
the bottom electrode, with the apex radius r (red), the inclination angle
of the surface θ (blue), and the axis of rotational symmetry highlighted
(green dashed line). (b) Potential profiles obtained for r = 0.2 nm as
a function of the inclination angle (solid lines). Least-square fits of
Eq. (1) to the potentials obtained from finite element modeling are
shown as open symbols. (c) Plot showing the voltage dependence of
the potential barrier using Eq. (4) and n = 0.63, which corresponds
to r = 0.2 nm and θ = 40◦, in Eq. (1). The dashed lines represent
a uniform barrier with the same material parameters. The material
parameter χI = 1.66 eV is taken from the fitting results (see below).
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which is also the path along which the potential is sampled.
The dielectric material is assumed to contain no free or trapped
charges. For a peak radius of approximately r = 0.2 nm, as
for the peak highlighted in Fig. 5(b), the potential profiles
obtained from applying a potential difference of 1 V between
the top and bottom surfaces and varying the slope angle θ are
shown in Fig. 6(b) (solid lines). In the finite element model,
the bottom electrode is chosen as the reference potential and
is set to 0 V at position x = 0, corresponding to the peak apex,
and the top electrode potential is set to 1 V at x = 2 nm. It
can be seen that the potential becomes highly nonlinear as θ
is increased. We note that increasing the peak radius r reduces
the nonlinearity only slightly as long as the radius is smaller
than the film thickness and that in this regime the nonlinearity
in the potential extends far into the dielectric layer.
The spatial dependence of the potential in this model is well
described by an arbitrary function of the form
ϕ(x) = ϕT ln
(
1+
e− 1
tn
xn
)
, (1)
where t is the film thickness, n an arbitrary parameter,
e is Euler’s number, and ϕT is the potential difference
applied in the finite element model. The approximation of
the potential obtained via the finite element model by this
function are represented by the open symbols in Fig. 6(b).
Physically realistic results are obtained when the parameter
n is constrained by n ≤ 1. When n becomes smaller than 0.5
the potential drops very rapidly near the peak apex which
further restricts the parameter range in terms of physically
realistic situations. The parameter n effectively represents the
sharpness of the peak for small values of r (compared to t)
and θ > 10◦. For large θ , i.e. θ > 40◦, the accuracy of the
approximation decreases, however, it can still be employed for
qualitative considerations. In thicker tunnel barrier systems (of
the order of 5 nm for Al2O3) where the breakdown voltage is
high enough, Fowler-Nordheim field emission dominates at
voltages exceeding the barrier height, and the barrier appears
triangular in shape to tunneling electrons. In this regime the
precise shape of the potential barrier is very important, so field
enhancement must be considered as it significantly affects the
thickness of the barrier [17] as well as its average height. The
approximation given above may still be used in those cases but
it may not be sufficiently accurate for a precise study of the
Fowler-Nordheim characteristics at high voltages.
Equation (1) must be modified to account for the work-
function difference of the electrodes, and the function is then
given by
ϕ(x) = ϕ ln
(
1+
e− 1
tn
xn
)
, (2)
where ϕ is the potential difference of the junction, described
by
ϕ = VB +
L −R
e
, (3)
whereVB is the applied voltage, e is the elementary charge, and
L and R represent the left and right metal electrode work
functions, respectively. The spatial dependence of the potential
energy in one dimension that includes any field-enhancement
effects in the simplest case is then given by
U (x) = L − χI − eϕ(x), (4)
where χI is the insulator electron affinity, and ϕ(x) the electric
potential at position x in the insulator. The work-function
values of these metals are widely reported; here we use the
values Cr = 4.5 eV [29,30] for the right electrode, and
Au = 5.1 eV [31] for the left electrode, corresponding to
atomically clean surfaces in an abrupt contact with vacuum or
an insulating material.
The voltage dependence of the potential energy barrier is
shown in Fig. 6(c), which includes the potential due to the
work-function difference. The dependence of the potential on
the position inside the insulator considering specific surface
features has been studied by others in detail [17,32,33].
Gaillard et al. numerically extracted interfacial roughness
profiles of the top and bottom electrodes of a 45-nm-thick
dielectric MIM structure using high resolution TEM images to
simulate the electric field [34]. The roughness profiles in their
devices are asymmetric owing to the amorphous structure of
Ta2O5 deposited by metal-organic chemical vapor deposition
(MOCVD). Their simulation results show that the electric field
strength near both the interfaces can be significantly larger at
protrusions but that on average the field is slightly stronger near
the bottom electrode. They concluded that the asymmetry in
the leakage current is possibly correlated with the asymmetric
roughness profile of the interfaces. Below, we show that
the model of the potential introduced above indeed yields
asymmetric IV characteristics and that in our case the data
is consistent with the interpretation of asymmetric roughness.
We now apply the approximation of the electric field
described in the previous section to the calculation of the
tunneling current. Figure 5(c) represents the ideal trapezoidal
potential barrier [35] found where regions of the barrier are
highly planar such as shown in Fig. 5(a), and Fig. 5(d)
represents an example of an approximated field-enhanced
potential barrier expected in regions where the bottom
electrode comprises sharp features such as the one shown
in Fig. 5(b). Given the large surface area of our devices,
there will be variations in the fine surface features that will
influence the field structure [34], but qualitative behavior at
the sharpest peaks is very similar to that produced by Eq. (1)
where the electric field approaches a constant value far away
from a peak apex. As this approximation is applied to the
description of the potential barrier it is possible to use a
number of different tunneling models. Here we chose to use
the Wentzel-Kramers-Brillouin-Jeffreys (WKBJ) description
of the transmission probability as it is widely applied to MIM
structure characterization and is the simplest model available.
Using Eq. (4), the standard WKBJ approximation [36]
applied to the transmission probability of incident electrons
yields
P±(Ex) = exp
{
−
2
h¯
∫ t
0
√
2mI (U (x)− Ex)dx
}
(5)
under forward bias (+) whenVB > 0, where electrons incident
on the barrier at x = 0 from the left (x < 0) are considered, and
under reverse bias (−) when VB < 0, where electrons incident
on the barrier at x = t from the right (x > t) are considered.mI
is the effective mass and Ex is the energy of incident electrons
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normal to the surface, measured relative to the Fermi level of
the left electrode. The current can now be calculated by adding
the contributions from all regions featuring a uniform dielectric
layer, and thus with a trapezoidal barrier, and contributions
from all regions featuring sharp peaks in the dielectric layer,
and thus with a distorted barrier. The current densities for the
individual regions can be calculated using the one-dimensional
version of Harrison’s tunnel current density equation [37],
J± =
2e
h
∫ ∞
−∞
P±(Ex)[f (Ex)− f (Ex + eVB)]dEx, (6)
where transverse wave vectors are ignored, and where f (E)
is the Fermi-Dirac function, defined relative to the Fermi level
of the left electrode. The sign of the current is determined by
the sign of the applied voltage VB . Assuming T = 0 K, the
integration in Eq. (6) can be performed from−eVB to 0 under
forward bias (when VB > 0), and from 0 to −eVB in reverse
bias (when VB < 0). The total current is now given by
I = AiJi + AdJd , (7)
where Ai and Ad are the surface areas of the uniform
regions and regions with sharp features, respectively, which
are constrained by A = Ai + Ad , where A is the total area. Ji
and Jd are the current densities associated with uniform and
sharp regions, respectively, which are evaluated using Eq. (6).
The parameters χI , mI , Ai , Ad , and n can now be determined
by fitting Eq. (7) to the experimental IV characteristics of the
different MIM devices.
It is worth noting that this model cannot only be used to
describe the effect of field enhancement due to geometrical
features, but also for field enhancement induced by a local
change in permittivity of the film. Under the assumption that
there is no free or trapped charge, geometry-induced field
enhancement produces a nonlinear flux density and electric
field that are related by D(x,VB) = ǫcξ (x,VB), where D and
ξ share the same dependence on x, and ǫc is the constant
permittivity of the dielectric. The equivalent effect can be
achieved by using a position-dependent permittivity ǫ(x), so
that D(VB) = ǫ(x)ξ (x,VB). The two interpretations can be
linked through a well-behaved scaling function f (x) [for ex-
ample, the derivative of Eq. (1)], which in the geometrical case
describes D(x,VB) = D(VB)f (x) and ξ (x,VB) = ξ (VB)f (x).
The equivalent effect on the field can be achieved by a
permittivity gradient ǫ(x) = ǫ/f (x) which shows that the two
forms are equivalent when the flux density is assumed constant
in the dielectric layers. Therefore it is possible to use geometry
as well as changes in permittivity to engineer the asymmetry
properties of ultrathin film MIM diodes, as has been shown
extensively, for example, by sequentially depositing different
dielectric materials in situ by ALD in stacked layers [3,38] or
to produce alloyed materials with new properties [1].
It is also possible that an imperfect chemistry in the first few
cycles of the ALD growth may cause a permittivity gradient
in certain regions due to the presence of unreacted or adsorbed
compounds, which are expected to lead to optical phonons in
the far-IR range. In turn, such phonons would lead to inelastic
scattering of electrons, however, we could not observe any
signs of inelastic scattering by computing the second derivative
of the IV curve [39] taken at 3.7 K. We note that this could
be due to the low probability of transmission of electrons
FIG. 7. Fitting results of the mixed barrier model described by
Eq. (7) (solid orange line) and the uniform barrier model where
Ad = 0 in Eq. (7) (dashed blue line), to the experimental data for
device D1 (open circles). The inset shows the two contributions to
the total current.
in our system and insufficient adsorbates or trapped organic
compounds. The nonlinearity of the IV curve at low voltage is
a feature of a tall energetic barrier even in thinner films [38],
which causes the determination of small peaks in the second
derivative of the IV curve to be very difficult.
V. RESULTS AND DISCUSSION
The results of fitting Eq. (7) to the IV data presented
in Fig. 2 are shown in Fig. 7 and the parameters obtained
are summarized in Table I. The dashed line shows the best
fit (R2 = 0.661) obtained when assuming a fully uniform
dielectric with no sharp features, i.e., Ad = 0, for which
we obtain the values mI = 0.75 and χI = 2.03 eV. Not
surprisingly, the uniform barrier model is unable to account for
the asymmetry in the IV data as the work-function difference
alone causes only a negligible effect in the direct tunneling
regime. However, when considering the effects of sharp
features on the bottom electrode, the asymmetry is enhanced
TABLE I. Fitting parameter results from using Eq. (7).
Parameter Value Uncertainty
Ai 73% of A ±26%
Ad 27% of A ±69.5%
mI 0.69me ±3.1%
χI 1.75 eV ±5.2%
n 0.83 ±25.2%
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TABLE II. Estimated correlations between the parameters used
in the fitting process.
Parameter mI n Ai
mI 0.967 −0.941
n 0.967 −0.994
χI 0.999 0.964 −0.935
by the combined effect of the work-function difference and
field enhancement. This mechanism is illustrated in Fig. 6(c)
where the shape of the barrier at VB = 0 V (black line) is
distorted due to the nonzero built-in potential. The best fit
(R2 = 0.990) to the model including both regions where the
dielectric layer is highly uniform, as well as regions where
it comprises sharp features, is represented by the solid line
in Fig. 7. The inset shows the individual current components
from Eq. (7). As can be seen, the asymmetry is significantly
increased in field-enhanced regions, which is of interest for the
design of certain MIM devices, for example IR rectennas based
on MIM diodes. The uncertainty (Table I) and the correlations
(Table II) in the parameters were estimated from the covariance
matrix [40]. To ensure that a wide range of the parameter space
is probed during fitting and to ensure the covariance matrix
is representative, the starting values of the parameters were
chosen to be far from the resulting optimal solution.
The correlations between the parameters obtained from
the fitting are shown in Table II where a correlation of 1
between two parameters means that a change in one parameter
is entirely compensated for by a positive linear change in the
other. A value of −1 means the same except that changes in
the two parameters are negatively linear to each other. The
correlation is highest between the effective mass mI and the
affinity χI , which is well known to cause uncertainty when
fitting IV characteristics in a limited bias voltage range [19].
Despite this, we obtained a much smaller uncertainty in these
parameters than with others due to the IV curve spanning a
wide voltage range so that there is an optimal solution that is
stable. The reason for this can be explained by considering the
squared integrand of Eq. (5), 2mI (L − χI − eϕ(x)− Ex).
The relationship between mI and χI can then be expressed as
mI =
C1
2(L − χI − eϕ(x)− Ex)
=
C1
2(C2 − χI )
, (8)
where C1 is a given value of the squared integrand and
C2 = L − eϕ(x)− Ex . For large values of C2 compared to
χI , the dependence ofmI on χI is quasilinear as χI is far away
from the singularity pointχI = C2. As the voltage is increased,
at the point x = t and for Ex = 0, the value of C2 decreases
bringing the singularity point closer to the origin which
decreases the linear correlation between mI and χI . With the
highest voltage value used ofVB = 1.6 V, we findC2 = 2.9 eV
under forward bias which is a drastic shift fromC2 = 4.5 eV at
VB = 0 V. The other important correlation is between n andAi
(andAd ) which is not surprising as increasingn necessarily im-
plies a decrease inAi (and increase inAd ). The remaining cor-
relations are less important in particular whenAd is small com-
pared to Ai , as is illustrated above where the values of the ef-
fective mass and electron affinity are not significantly affected.
FIG. 8. (a) Parameter n from Eq. (1) as a function of r and θ
obtained by fitting Eq. (1) to the data obtained via finite element
modeling. The dot-dashed lines indicate the projections of the
corresponding dotted lines onto the r-θ plane for selected values
of n. (b) The same data as in panel (a), but showing θ as a function
of r for a range of fixed n values.
The values found for the effective mass are within the range
of reported experimental values, i.e., between 0.23 and 0.8 for
amorphous ALD deposited Al2O3 [4,41–44], and theoretical
predictions with values around 0.4 [45,46]. The values found
for the electron affinity of Al2O3 are also within the range of
reported values of 1.0 eV to 2.5 eV [31,47,48]. Despite the very
high correlation between effective mass and electron affinity,
due to the IV curve spanning a wide voltage range, there is an
optimal solution that is stable for both the uniform and mixed
barrier models, which is reflected in the small uncertainty in
these parameters.
The value of n obtained is near the value obtained for the
potential profile normal to the apex of a peak with θ = 20◦
and r = 0.2 nm, however similar potential profiles, and thus
similar values of n, are obtained with different combinations
of θ and r . Figure 8(a) shows the dependence of n on the
possible combinations of θ and r of interest. The values of
n were obtained by fitting Eq. (1) to the potential profiles
obtained through finite element modeling by varying the value
of r from 0.1 to 2.0 nm in steps of 0.1 nm, and the value of θ
from 0 to 45◦ in steps of 5◦. When n reaches 1, the potential
is no longer well described for decreasing values of θ by a
single parameter and an additional parameter may be added to
Eq. (1) that extends its applicability into small θ and large r
values. This is discussed in the Supplemental Material [20]. As
can be seen, if θ is large the value of n is consistently smaller
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than 1 even for large r values, which represents a significant
distortion in the potential. Figure 8(b) shows the same data as
panel (a) but here θ is shown as a function of r for a range of
selected discrete values of n. From this plot it is clear that a
certain n, for example as obtained in the fit to the IV curve,
represents an infinite number of (r,θ ) duplets.
We note that the value found for the area Ad appears to be
large compared to the evidence revealed by the TEM images.
This suggests that isolated sharp peaks are unlikely to domi-
nate the field enhancement. In contrast, sub-nanometer-scale
roughness, which may extend over a large area thus yielding
a higher value of Ad , may play an important role. Since the
area imaged in the TEM sample is very small compared to
the area of the junction, Ad cannot be easily connected to
a peak surface density without a detailed knowledge of the
surface roughness over a statistically significant area. As a
result, the uncertainty in the parameters Ai , Ad , and n is
large. The value of n can indeed be set to a different value
and a value for Ai and Ad can be found that yields a similar
solution. For example, fixing n = 0.63, corresponding to the
case identified in the TEM image, causes Ad to be reduced
to 14.3% of A, while both mI = 0.66me and χI = 1.66 eV
remain almost unchanged, yielding a solution with an R2
value of 0.989, hardly discernible from the optimal fit. We
note that this uncertainty is due to the limited voltage range
accessible in this experiment; the differences between each
solution increase at very high voltages as the Fowler-Nordheim
regime (eVB > R − χI in forward bias) is approached.
It is, in fact, possible to define a nonlinear potential barrier
over the whole area of the junction (i.e., Ai = 0) which yields
a solution with an R2 value only slightly smaller than for
the optimal case. The potential obtained is close to that of
a uniform barrier and corresponds to the field enhancement
resulting from sub-nanometer-scale roughness. Taken together
these observations suggest that a more complete ‘mosaic’ field-
enhancement model of the MIM junction may be described as
I (A,VB ) =
N∑
j=1
AjJj (VB ,nj ), (9)
where N is the number of regions with a uniquely defined
potential described by nj covering an area Aj . While this
approach is unlikely to produce unambiguous distributions of
different potential profiles to model the IV characteristics of
MIM diodes operating in the direct tunneling regime, it may
be expected to produce valuable information near or in the
Fowler-Nordheim regime.
We now discuss the elements of the distribution of sharp
features that dominate the field enhancement to shed more
light on the significance of n and Ad . We have established that
a greater quantity of sharp features on the bottom electrode is
due to the uniform and conformal growth of Al2O3 by ALD,
the shape of the features on the surface and the roughness
smoothing effect that occurs at the nanoscale. Although
roughness smoothing is not unique to ALD, it is different
to a natively grown oxide, for example, where the surface
features of the bottom electrode are not preserved during
oxidation by oxygen atmosphere or plasma, which leads to
a more gradual interface. As the bottom electrode surface in
our devices is Au, being a noble metal, the sharpest features are
FIG. 9. Schematic representations of structures that represent
areas that have a higher net field enhancement near the bottom
compared to the bottom electrode. The area Ae from Eq. (10) is
highlighted in red. The uniform and conformal nature of the deposited
film and the roughness smoothing effect are represented but not
to scale. (a) Wavelike structure characterized by large values of n
with little to no net field enhancement near the bottom electrode. No
roughness smoothing occurs in this idealized case. (b) Subnanoscale
asymmetric roughness over a large area that, as a result of the density
of the sharp peaks, is characterized by a large value of n. This is
a direct consequence of the roughness smoothing effect [18,34]. (c)
Isolated sharp peak structures characterized by small values of n and
small area Ae. The roughness smoothing effect occurs at the base of
sharp peaks. (d) An isolated, relatively blunt peak with a large area
Ae and small value of n.
not altered during ALD growth and it is therefore reasonable
to expect a distribution that includes atomically sharp peaks
and ridges, with an abrupt interface. Figure 9 shows surfaces
with different peak geometries that cause varying degrees of
net field enhancement near the bottom electrode. When con-
sidering isolated three-dimensional peaks such as illustrated in
Fig. 9(c), the base of the peak (highlighted in light blue) forms a
ridge structure on the top electrode interface (dashed light blue)
with the Al2O3 layer, characterized by an increased radius due
to the roughness smoothing. This leads to field enhancement
occurring near the top electrode in these regions, although of
much smaller amplitude due to the increased thickness of the
film and increased radius of the emitting surface. Similarly,
large wavelike features characterized by small values of θ
(<10 ◦) and large values of r (>0.2 nm) such as shown in
Fig. 9(a) that extend over a larger scale than the thickness
of the film will cause a slight field enhancement from both
the top and bottom electrodes, which will mostly cancel out.
In Fig. 9(b) the asymmetry in the subnanometer roughness is
represented by a simple diagram. This causes stronger field
enhancement near the bottom electrode on average compared
to near the top electrode, as shown by Gaillard et al. [34]. This
corresponds to a situation where there are many peaks densely
packed together such that the effective field enhancement is
significantly reduced compared to isolated peaks but extended
over a potentially large portion of the total area.
The area Ad can be described in terms of the values of r
and θ by using the model shown in Fig. 6(a). The area of the
spherical cap illustrated in Fig. 9 is given by
Ae = 2πr2(1− cos(θ )), (10)
and the potential normal to this area on the spherical surface
does not change significantly. Therefore to a first approxi-
mation Ad can be written as the sum of all the contributing
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instances of Ae(r,θ ) from the bottom electrode, assuming
that all the other contributions are small in comparison and
hence can be neglected. We can see from Eq. (10) that the
area increases significantly with larger r values and similarly
with increasing θ . Choosing the largest value of Ae in our
distribution, i.e., r = 1.4 nm and θ = 45◦ obtained from the
contour in Fig. 8(b), the two-dimensional density of peaks is
given by np = Ad/AAe = 7.68× 1016 m−2 or one peak per
3.61 nm by 3.61 nm area of the surface when Ad = 0.27A.
Such a high density of sharp features is not borne out of the
TEM results. However, we note that it is based on a coarse
approximation, which in the context of a constant thickness of
the dielectric film depends on a number of contributions that
will affect the result. In order of decreasing importance the
following considerations will affect the resulting density of
peaks: (i) the distortion in the potential extends far beyond
the area Ae for isolated sharp peaks (thus increasing Ae
significantly); (ii) sub-nanometer-scale densely packed peaks
that extend over a large area [34] (thus effectively increasing
Ae); (iii) sharp features on the surface of the top electrode
which cancel out contributions from sharp features on the
bottom electrode (increasing Ad ); and (iv) corrections to the
underestimation of A due to the assumption of a perfectly flat
surface [49] (which affects all free parameters).
Furthermore, in the direct tunneling regime, the current
density is strongly dependent on the thickness of the potential
barrier, but fluctuations in the thickness of the film have not
yet been considered. The effect of changes in thickness on the
other parameters is illustrated if we assume that the thickness
normal to a peak apex is reduced by 10%, i.e. 1.8 nm. If n
is kept at 0.832, we find that Ad is reduced to 2.5% of A,
mI = 0.73 and χI = 1.85 (R2 = 0.992). With the value of
Ad = 2.5% of A and following the contour for n = 0.83 as
before yields a peak density of np = 7.041× 1015 m−2 or one
peak per 12 nm by 12 nm area of the surface, showing that
thickness fluctuations of the film play an important role even
with ˚A-scale fluctuations. It is very challenging to quantify
such small fluctuations experimentally, in particular over large
areas. In contrast, it is possible to include thickness fluctuations
in our model using Miller et al.’s method [19], which assumes
a gaussian distribution α(t) in the film thickness, such that
A(t) = Aα(t) is the portion of the total area with thickness
t . However, experimentally identifying the parameters to
describe the thickness distribution is nontrivial.
It is important to note that the effect of such small features in
the surface geometry is unlikely to play a similarly important
role in MIM structures comprised of electrode materials with a
small electron density such as weakly doped semiconductors.
The Fermi energy of electrons in metals is normally high,
for bulk Au between 5 and 10 eV above the valence band
edge [50–54] and for Cr on the order of 7 eV [55,56]. At
kinetic energies above 1.5 eV for electrons, the de Broglie
wavelength is smaller than 1 nm and, as the electron density
is high, the probability of incident electrons to ‘see’ the fine
features in the surface topography is large.
An asymmetry in the incident electron energy of the elec-
trodes may cause a slight asymmetry in the IV characteristics,
however, the difference in Fermi energy required is of the order
of at least 5 : 1 as has been pointed out by Brinkman et al. [57].
In our system the Fermi energies of both Au and Cr are
comparable and may contribute to the asymmetry but the effect
is small. However, a detailed analysis of the band structure of
the metals would be required as there are multiple subbands
in the metal valence band that each present wave functions
with different symmetries that may change with energy [54].
Fermi-level electrons from s-like subbands should dominate
the tunneling current due the spherical character of the wave
function, however other subbands such as the prominent d
band in Au [58] may play a role.
Finally, we emphasise that the high consistency obtained in
these devices is due to the optimal conditions for the deposition
of the bottom metal electrodes and the compatibility of these
electrodes with the ALD process, which allows highly uniform
and conformal growth of high quality Al2O3. The minimal
surface roughness obtained first reduces the chances the
devices break down under a small applied bias and secondly the
adhesion of contaminating particles should be minimized. Ad-
ditionally, the surface must have had enough reactive surface
sites for highly uniform growth to occur, which is likely due
to the stable adsorption of atomic oxygen onto subnanoscale
rough Au surfaces during the oxygen plasma exposure [21].
VI. CONCLUSION
We have shown that a high consistency in the electronic
characteristics of ultrathin MIM devices can be achieved over
a large area using ALD to control precisely the thickness and
uniformity of the film. A highly reliable uniform thickness
of 2± 0.1 nm was achieved for Al2O3 using plasma-enhanced
ALD, and the tunneling current density as a function of applied
electric field was found to be independent of the surface area of
the MIM devices. We found that the tunnel current was strongly
asymmetric, beyond what would be expected as a result of the
difference in work function between the two metal electrodes.
Although the dielectric thin film is highly uniform, we have
shown using TEM that sharp features on the bottom metal sur-
face lead to a net field enhancement and hence an asymmetric
distortion in the potential across the film. We have developed
a model which takes into account such distortions and have
demonstrated that field enhancement can accurately account
for the observed asymmetry in the IV characteristics of the
MIM devices. These results show that deliberate and controlled
introduction of sharp features in the metal film may be used to
engineer an asymmetry and nonlinearity into the IV character-
istics of MIM structures, which are of critical importance to
a range of applications, including IR rectenna diodes, storage
capacitors for DRAM, and nonvolatile memory applications.
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